Introduction
============

Carcinoembryonic antigen (CEA; CD66e) was initially discovered as a tumor antigen ([@cdf225c17]). A large group of related glycoproteins within the Ig superfamily (IgSF) is now called the CEA family. These anchored or secreted glycoproteins are expressed by epithelial cells, leukocytes, endothelial cells and placenta ([@cdf225c18]). In humans, the CEA family contains 29 genes and pseudogenes. The revised nomenclature of this family of glycoproteins has recently been summarized ([@cdf225c2]). The CEA family consists of the CEA-related cell adhesion molecule (CEACAM) and pregnancy-specific glycoprotein (PSG) subfamilies, whose proteins share many common structural features ([@cdf225c18]).

CEACAM1 (CD66a) is the most highly conserved member of the CEA family. Most species have only one CEACAM1 gene, but mice have two closely related genes called CEACAM1 and CEACAM2 ([@cdf225c2]). CEACAM1 has many important biological functions. It is a potent vascular endothelial growth factor ([@cdf225c15]) and a growth inhibitor in tumor cells ([@cdf225c24]), plays a key role in differentiation of mammary glands ([@cdf225c22]), is an early marker of T-cell activation and modulates the functions of murine T lymphocytes ([@cdf225c32]; [@cdf225c33]). Human CEACAM1 is one of several human CEACAM proteins that serve as receptors for virulent strains of *Neisseria gonorrhoeae*, *Neisseria meningitidis* and *Haemophilus influenzae* ([@cdf225c4]; [@cdf225c45], [@cdf225c46]).

In mice, four isoforms of CEACAM1 generated by alternative mRNA splicing have either two \[D1,D4\] or four \[D1--D4\] Ig-like domains on the cell surface, a transmembrane segment and either a short or a long cytoplasmic tail ([@cdf225c2]). The long tail contains a modified immunoreceptor tyrosine-based inhibition motif (ITIM)-like motif. Tyrosine phosphorylation of this motif is associated with signaling ([@cdf225c23]), but the natural ligands for the ecto-domain and the modulation of gene expression by CEACAM1 signaling are not well understood.

All four isoforms of murine CEACAM1a, as well as murine CEACAM2, can serve as receptors for mouse hepatitis virus (MHV) strain A59 (MHV-A59) when the recombinant murine proteins are expressed at high levels in a hamster cell line (BHK) ([@cdf225c11], [@cdf225c12]; [@cdf225c34]). MHVs are large, enveloped, positive-stranded RNA viruses in the Coronaviridae family in the order Nidovirales. Various MHV strains cause diarrhea, hepatitis, and respiratory, neurological and immunological disorders in mice. Infection is initiated by binding of the 180 kDa spike glycoprotein (S) on the viral envelope to a CEACAM glycoprotein on a murine cell membrane. Most inbred mouse strains are highly susceptible to MHV infection, but SJL/J mice are highly resistant. Susceptible strains are homozygous for the CEACAM1a allele that encodes the principal MHV receptor, while SJL/J mice are homozygous for the CEACAM1b allele. CEACAM1b proteins have weaker MHV binding and receptor activities than CEACAM1a proteins ([@cdf225c36]; [@cdf225c38]; [@cdf225c53]).

Until now, extensive N-linked glycosylation has hampered crystallization of any CEA protein for structural analysis. This article reports the crystal structure of the soluble ecto-domain of an isoform of murine CEACAM1a that consists of domains 1 and 4 (designated msCEA CAM1a\[1,4\]) and has MHV-neutralizing activity. We have analyzed the relationship of the structure of the msCEACAM1a\[1,4\] glycoprotein to its MHV-binding and -neutralizing activities. Based on the structure of msCEACAM1a\[1,4\], we predict the structures of other CEA family members, and discuss their biological significance.

Results and discussion
======================

Molecular structure of msCEACAM1a\[1,4\]
----------------------------------------

The msCEACAM1a\[1,4\] protein analyzed in this paper contains the 202 extracellular amino acids of the naturally expressed CEACAM1a\[1,4\] protein plus a His~6~ tag connected to the C-terminus by a thrombin cleavage peptide. This soluble murine CEACAM1a\[1,4\] protein has strong virus-neutralizing activity at 37°C, pH 7.2, and readily induces an irreversible conformational change in the MHV-A59 spike glycoprotein under these conditions ([@cdf225c55]; B.D. Zelus and K.V.Holmes, in preparation). The His-tagged protein was expressed by an adenovirus vector in the Chinese hamster ovary Lec3.2.8.1 (CHO lec--) cell line, which stably expresses recombinant CAR, the receptor for Coxsackie B and adenoviruses ([@cdf225c39]; [@cdf225c3]; [@cdf225c55]). These cells were readily transduced by the adenovirus vector, and they produce proteins with more homogeneous glycans than normal CHO cells. Analysis of the protein secreted by the lec--, CAR+ CHO cells led to the final refined model for the structure of msCEACAM1a\[1,4\]. The structure was determined using multi-wavelength anomalous diffraction (MAD) phases in combination with molecular replacement (MR). The structure was refined to 3.32 Å with *R*~work~/*R*~free~ of 29.5/32.9%. The relatively high *R*-factors are probably caused by disordered C-terminal residues and carbohydrate moieties.

Figure [1](#cdf225f1){ref-type="fig"} shows the ribbon diagram of the molecular structure of soluble murine msCEACAM1a\[1,4\]. The two Ig-like domains of msCEACAM1a\[1,4\] are arranged in tandem. When the membrane-proximal domain (D4) was oriented vertically as if it were perpendicular to the cell membrane, the virus-binding domain (D1) had a bending angle of ∼60° from the vertical direction, with its A′GFCC′C′′ β-sheet (called the CFG face hereafter) facing upwards, away from the cell membrane (Figure [1](#cdf225f1){ref-type="fig"}). The rotation angle between D1 and D4 is ∼170°, which places the CFG face of D4 on the opposite side of the molecule from the CFG face of D1, like many other IgSF proteins on the cell surface ([@cdf225c48]). Although there are five potential N-linked glycosylation sites on this protein, the crystal structure showed that only four of these sites are utilized: three in D1 and one in D4. One or more sugar moieties were seen clearly at each of these sites (Figure [1](#cdf225f1){ref-type="fig"}), but no electron density was visible to indicate the presence of a possible glycan at Asn161 in the Asn-Asn-Ser motif in the DE loop of D4. The only observed glycan in D4 is at Asn119 (Figure [1](#cdf225f1){ref-type="fig"}) near the bottom of the molecule, pointing downward towards the cell membrane. This glycan may play a role in holding the rod-like molecule erect on the membrane, as has been shown for CD2 ([@cdf225c25]), ICAM-2 ([@cdf225c6]) and CD4 ([@cdf225c54]; [@cdf225c51]).

The N-terminal domain (D1) of msCEACAM1a\[1,4\] belongs to the V set Ig-like fold. Within the IgSF, the CEA family and the CD2 family are unique in that their N-terminal domains lack the usually conserved inter-sheet disulfide bond between β-strands B and F. In a DALI search for structures homologous to D1 of msCEA CAM1a\[1,4\] (using the website http://www2.ebi.ac.uk/dali/), D1 of CD2 was one of the top hits. There are, however, three important structural elements that distinguish D1 of msCEACAM1a\[1,4\] from CD2 D1. One striking feature of D1 of msCEACAM1a\[1,4\] is its uniquely structured, prominently protruding CC′ loop (highlighted in yellow in Figure [1](#cdf225f1){ref-type="fig"}) that points upwards. The unique and intricate structure of the CC′ loop will be described in detail below. D1 of msCEACAM1a\[1,4\], like other V set Ig-like folds, should retain a salt bridge between Arg64 at the beginning of the D strand and Asp82 at the beginning of the F strand. This salt bridge may help to strengthen the interactions between the two anti-parallel β-sheets of D1. In contrast, CD2 D1 does not have this salt bridge between the β-sheets ([@cdf225c25]). Another difference between the D1s of msCEACAM1a\[1,4\] and CD2 is found at the A--A′ kink. As a structural hallmark in both V and I set Ig folds, the A strand in one sheet runs midway through the domain, and then crosses over to join the opposite sheet, becoming the A′ strand. This may stabilize the membrane-distal domain that is the usual site for ligand binding ([@cdf225c48]). A *cis*-proline is usually located at the kink position. In D1 of msCEACAM1a\[1,4\], the A′ strand is significantly shorter than that of most other Ig-like molecules, whereas D1 of CD2 and some other CD2 family members have a relatively long A′ strand, with no A strand at all. These features might reflect differences in the biological functions of CD2 and CEACAM1a.

Structural analysis shows that the C-terminal domain (D4) of msCEACAM1a\[1,4\] falls into the I1 set category ([@cdf225c19]; [@cdf225c48]), rather than the C2 set as widely believed. Compared with the I set Ig-like domains of most other IgSF members, D4 of msCEACAM1a\[1,4\] has an unusually long CD loop of 10 residues (amino acids 146--155). The long CD loop in D4 of msCEACAM1a\[1,4\] is probably quite stable because it has a β-turn at each end and Leu150 and Leu152 in the middle of the loop point inward, joining the molecule's hydrophobic core.

msCEACAM1a\[1,4\] has a linker between D1 and D4. The last residue of D1 is His107, and the A strand of the following domain D4 starts at Phe114. The peptide segment in between does not appear to have main chain--main chain hydrogen bonds to the D4 domain. No significant interactions were observed between D1 and D4. The surface buried area between these two domains is 530 Å^2^, with a 1.7 Å probe. These observations indicate that the D1--D4 junction of msCEACAM1a\[1,4\] might be quite flexible.

The unique CC′ loop of the N-terminal domain is an MHV-binding site
-------------------------------------------------------------------

Both the spike glycoprotein of MHV virions and mAb- CC1, a monoclonal antibody to murine CEACAM1a that blocks the binding of the virus to the receptor, were shown to bind to D1 of murine CEACAM1a ([@cdf225c13]). Mutational analyses of murine CEACAM1a show that the peptide segments between amino acids 38 and 43 ([@cdf225c38]) or between amino acids 34 and 52 ([@cdf225c53]) are involved in binding to the MHV spike glycoprotein, virus receptor activity and binding of mAb-CC1. Our structure for msCEACAM1a\[1,4\] shows that this segment is in the CC′ loop and the C′ strand.

Compared with the N-terminal domains of other IgSF members, D1 of msCEACAM1a\[1,4\] has an unusual CC′ loop, highlighted in yellow in Figure [1](#cdf225f1){ref-type="fig"}. Figure [2](#cdf225f2){ref-type="fig"}A shows an overlay onto D1 of msCEACAM1a\[1,4\] of the N-terminal domains of three other representative IgSF proteins: CD2 ([@cdf225c25]), CD4 ([@cdf225c49]) and Bence-Jones protein REI ([@cdf225c14]), a typical variable domain of an antibody. The N-terminal domains of both CD2 and CD4 have shorter CC′ loops than that of msCEACAM1a\[1,4\] and REI. Although the CC′ loops of D1 of REI and msCEACAM1a\[1,4\] are the same length, that of REI is only slightly curved, while, remarkably, the CC′ loop of msCEACAM1a\[1,4\] folds back onto the CFG face.

The convoluted conformation of the CC′ loop in D1 of msCEACAM1a\[1,4\] is unique among IgSF molecules. The loop, from Lys35 to Glu44, is well structured (Figure [2](#cdf225f2){ref-type="fig"}B) and probably maintained in a rigid conformation. Within the C-terminal portion of the loop residues 40--44 may form one and a half turns of a 3~10~ helix. A particularly interesting structural element is the packing of the mid-portion backbone of the CC′ loop (from Thr39 to Ile41) against the aromatic ring of Tyr34 on the C strand (Figure [2](#cdf225f2){ref-type="fig"}B). Several potential hydrogen bonds may help to maintain the unique conformation of this region, as shown in Figure [2](#cdf225f2){ref-type="fig"}B. Although a tyrosine equivalent to Tyr34 is conserved in the variable domains of most antibody light chains, nevertheless the CC′ loop in antibodies assumes a β-hairpin structure (see REI in Figure [2](#cdf225f2){ref-type="fig"}A) probably because the conserved Pro-Gly sequence motif of antibodies (Figure [2](#cdf225f2){ref-type="fig"}A) favors a sharp turn at the tip of the loop. This might prevent the CC′ loop of REI from assuming a convoluted conformation like that seen in D1 of msCEACAM1a\[1,4\].

In D1 of msCEACAM1a\[1,4\], the consequence of the folding back of the well structured CC′ loop against the CFG face is that the side chain of Ile41 at the center of the loop is prominently exposed, pointing away from the membrane (Figures [1](#cdf225f1){ref-type="fig"} and [2](#cdf225f2){ref-type="fig"}A). Mutational evidence suggests that the Thr38-Thr39-Ala40-Ile41 sequence motif in murine CEACAM1a\[1,4\] is important for binding to the MHV spike glycoprotein ([@cdf225c53]). Two glycans, one at Asn37 and the other at Asn55, flank this important virus-binding motif (Figures [1](#cdf225f1){ref-type="fig"} and [2](#cdf225f2){ref-type="fig"}B), which might help delineate the region for viral spike glycoprotein docking. Based on our structural data, we speculate that Ile41 might be the energetic 'hot spot' for binding to the MHV spike. A widely accepted model for the interaction of cell surface receptors with their ligands is that a central hydrophobic contact provides the major binding energy, while surrounding hydrophilic interactions contribute the specificity of binding ([@cdf225c9]; [@cdf225c27]). This also appears to be the case for receptor--virus interactions, as shown for the binding of gp120 glycoprotein of HIV-1 to CD4 ([@cdf225c30]). Figure [2](#cdf225f2){ref-type="fig"}B and C shows a view looking down on the CFG face of D1 of msCEACAM1a\[1,4\], which is likely to be the surface accessible to the MHV virus spike protein. The protruding hydrophobic Ile41 is surrounded by a number of surface-exposed, charged residues, including Asp42, Glu44, Arg47, Asp89, Glu93 and Arg97. Ile41 might insert into a hypothetical hydrophobic pocket in the viral spike glycoprotein, and charged residues that surround the pocket could stabilize the MHV-binding interaction and contribute to virus binding specificity. No structures are as yet available for any coronavirus spike glycoproteins. Strains of MHV that differ in virulence and tissue tropism show considerable variation in the amino acid sequences of their S glycoproteins, yet all MHV strains tested can use murine CEACAM1a as a receptor. The observation that there is no single anti-S mAb that blocks infection by all strains of MHV ([@cdf225c43]) supports the hypothesis that murine CEACAM1a may bind to a conserved pocket in S that is not accessible to antibodies. The protruding Ile41 and the charged residues that surround it on the surface of the virus receptor are targets for further mutational analyses.

Cell adhesion molecules might be particularly suitable candidates for virus binding because their physiological ligand--receptor binding affinities are very low, and adhesion is an avidity-driven process. Viruses evolve to have a stronger binding affinity for the receptor (usually ∼100--1000 times stronger) to compete with the weakly bound physiological ligand ([@cdf225c47]). Uniquely exposed surface features of the cell adhesion molecules are selected for virus binding. Figure [3](#cdf225f3){ref-type="fig"} compares the virus-binding domain of msCEACAM1a\[1,4\] with those of several other virus receptors, with the key virus-binding elements highlighted. We propose that the projecting Ile41 on the unique CC′ loop of D1 of msCEACAM1a\[1,4\] is the key topological feature for MHV binding. In CD4, the key HIV gp120-binding Phe43 is located at the protruding ridge-like C′C′′ corner of D1 ([@cdf225c49]). This structural element inserts into a recess in the surface of HIV gp120 ([@cdf225c30]). Compared with most IgSF members, ICAM-1, the receptor for the major group of rhinoviruses, has a unique, tapering tip that inserts into the narrow 'canyon' on the rhinovirus surface, where the conserved receptor-binding residues lie ([@cdf225c28]). The measles virus receptor CD46 belongs to the complement control protein (CCP) superfamily. The center of the virus-binding epitope of CD46 is a well-structured, protruding DD′ loop consisting of a small group of hydrophobic residues with the key Pro39 extending furthest out (Figure [3](#cdf225f3){ref-type="fig"}) ([@cdf225c7]). Thus, unique protruding hydrophobic residues on cell adhesion molecules might be prime targets for virus binding.

MHV receptor activities of murine CEACAM isoforms, chimeras and mutants
-----------------------------------------------------------------------

The various natural isoforms of the murine CEACAM1a, CEACAM1b and CEACAM2 glycoproteins differ markedly in their virus binding, neutralization and virus receptor activities ([@cdf225c12]; [@cdf225c36]; [@cdf225c16]; [@cdf225c55]). A series of soluble or anchored mutant murine CEACAM proteins with various point mutations, deletions or domain exchanges with other CEA-related glycoproteins has been tested for virus binding and receptor activities ([@cdf225c38]; [@cdf225c53]). Several particularly intriguing observations were made. MHV-A59 and soluble spike protein bound better to D1 of murine CEACAM1a from MHV-susceptible mice than to CEACAM1b from MHV-resistant mice. Soluble murine CEACAM1b\[1--4\] had 4- to 10-fold less virus neutralization activity for MHV-A59 than msCEACAM1a\[1--4\]. Surprisingly, msCEACAM1b\[1--4\] failed to neutralize the neurotropic JHM strain of MHV, and msCEACAM1b\[1,4\] failed to neutralize either MHV-A59 or MHV-JHM ([@cdf225c55]). While the naturally occurring two-domain CEACAM1a\[1,4\] isoform neutralized MHV-A59 nearly as well as the four-domain isoform CEACAM1a\[1--4\], the CEACAM1a\[1,2\], consisting of D1 and D2 domains, had only minimal MHV-A59-neutralizing activity. Thus, there is virus strain specificity in the interactions of MHV with various CEACAM1 proteins, and regions of CEACAM1 outside of the virus-binding domain (D1) can affect virus--receptor activity.

The amino acid sequences of murine CEACAM1a and CEACAM1b differ, principally in the N-terminal virus-binding domain ([@cdf225c12]). The lengths of the 1a and 1b proteins are the same, and all of the structurally important residues are the same or similar. The overall folding of murine CEACAM1b isoforms is therefore believed to be the same as or similar to that of the corresponding CEACAM1a isoforms. Figure [4](#cdf225f4){ref-type="fig"}A (top) shows the sequence alignment of D1 from murine CEACAM1a and CEACAM1b. The most extensive differences between CEACAM 1a and 1b are in the peptide segment from the CC′ loop to the end of the C′′ strand, which plays a role in virus binding. In D1 of CEACAM1b, residue Ile41 is replaced by a threonine, which may account for its low virus-binding activity relative to CEACAM1a. It is possible that a projecting Val39 on the CC′ loop of CEACAM1b might provide an alternative but weaker virus-binding hot spot as Ile41 does for CEACAM1a.

An intriguing question is why the C-terminal deletion mutant msCEACAM1a\[1,2\] has very little virus-neutralizing activity, while the soluble form of the naturally occurring murine CEACAM1a\[1,4\] isoform neutralizes virus as well as the msCEACAM1a\[1--4\] isoform ([@cdf225c55]). Analysis of the sequence alignment of domains 2 (D2) and 4 (D4) of CEACAM1a reveals two major differences (Figure [4](#cdf225f4){ref-type="fig"}B, top). The BC loop of D2 is two residues longer than that of D4, and D2 has four more potential *N*-glycosylation sites than D4 (marked with asterisks in Figure [4](#cdf225f4){ref-type="fig"}B). The longer BC loop of D2 and the possible glycan attached to Asn192 at the beginning of the G strand of D2 may both restrict inter-domain flexibility between D1 and D2 in msCEACAM1a\[1,2\] in comparison with the junction between D1 and D4 in msCEA CAM1a\[1,4\]. Moreover, model building (data not shown) suggests that there might be a potential hydrogen bond between His107 of D1 and Asn141 of D2, while no such hydrogen bond is possible at this site in the junction of D1 and D4. All of these structural differences could cause the D1--D2 junction to be less flexible than the highly flexible junction between D1 and D4 that was revealed by X-ray crystallography. The four domain isoform CEACAM1a\[1--4\] has two more interdomain junctions than the truncated CEACAM1a\[1,2\] protein, and may therefore be more flexible.

Predicted structures of other CEA family members and conservation of a glycan-shielded surface hydrophobic patch in the N-terminal domain
-----------------------------------------------------------------------------------------------------------------------------------------

CEA family members are all composed of several Ig-like domains in tandem. Following the N-terminal domain, two similar types of domains, called A and B, alternate along the chain. For example, CEA (CD66e), encoded by the CEACAM5 gene, has the N-A1-B1-A2-B2-A3-B3 domain structure ([@cdf225c18]).

BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/) of D1 of murine CEACAM1a found sequences of N-terminal domains of all mammalian CEA members. Five residues appear to be absolutely conserved: Trp33, Arg64, Leu73, Asp82 and Tyr86. The sequence alignment of N-terminal domains of human CEA family members is shown in Figure [4](#cdf225f4){ref-type="fig"}A (bottom). No significant deletions or insertions were found in D1 of human CEA-related proteins, except for a few cases in which the length of the C′C′′ loop varied slightly. Like D1 of murine CEACAM1a, the N-terminal domains of the human CEA family members shown in Figure [4](#cdf225f4){ref-type="fig"}A can be classified as V set Ig-like fold, as predicted previously ([@cdf225c1]). This is determined by these key conserved structural features ([@cdf225c8]): Pro8 at the A--A′ kink point; Trp33 on the C strand that acts as the center of a hydrophobic core; a salt bridge between Arg64 and Asp82; and the tyrosine-corner motif ([@cdf225c21]) D\*G\*Y86 at the beginning of the F strand.

One newly recognized, highly conserved structural feature of msCEACAM1a\[1,4\] that appears to be unique to CEA family members (listed in Figure [4](#cdf225f4){ref-type="fig"}A) is the glycosylation site at Asn70, on the opposite side of D1 from the proposed virus-binding surface (Figure [1](#cdf225f1){ref-type="fig"}). In the crystal structure of msCEACAM1a\[1,4\], the glycan at Asn70 is better ordered than other glycans. Beneath the presumably large glycan at Asn70 lies a group of hydrophobic residues, including Val7 and Pro8 of the A strand, Leu18 and Leu20 of the B strand, Leu74 of the E strand, and probably also Tyr68 and Ile66 of the D strand. The area covers ∼650 Å^2^. The glycan at Asn70 appears to stabilize the protein by preventing the exposure of this large surface hydrophobic patch. Most of these protected amino acid residues are either invariant (Pro8 and Leu18) or very conserved (Leu20, Tyr68 and Leu74) among CEA proteins (Figure [4](#cdf225f4){ref-type="fig"}A). It is well known that glycans stabilize protein folding. Nevertheless, to our knowledge, msCEACAM1a\[1,4\] provides the first structure example for a large, glycan-shielded surface hydrophobic patch that is conserved in a protein family. The biological significance of this remarkable structural feature of the CEA family is not yet clear.

To assess the pattern of sequence conservation for all members of the mammalian CEA family in the SWISSPROT database, we calculated the variability in sequence using Shannon's entropy ([@cdf225c40]). Figure [5](#cdf225f5){ref-type="fig"} shows a topology diagram of D1 of msCEACAM1a\[1,4\], colored to indicate the relative degree of conservation of residues calculated for 42 CEA family members. The green, yellow and red colors represent the most to the least conserved residues, respectively. This figure shows a striking difference in the extent of amino acid conservation between the two faces of D1 among CEA family members. The ABED face containing the glycan-shielded hydrophobic patch is much more conserved than the CFG face. The CFG faces of the N-terminal domains of IgSF proteins are frequently used for cell surface recognition ([@cdf225c41]; [@cdf225c48]). The variability in this face among CEA members probably confers their unique binding specificities.

At the bottom of Figure [4](#cdf225f4){ref-type="fig"}B, the sequences of the six A and B type domains of the human CEA protein are aligned with D2 and D4 of murine CEACAM1a. The three A type domains of human CEA, and probably also the A domains of other CEA members, are structurally very homologous to D4 of murine CEACAM1a, an I1 set of Ig fold. The B type domains of human CEA appear to have no D strand, but probably a C′ strand that connects directly to the E strand, as observed for I2 set of Ig fold ([@cdf225c48]). Both I1 and I2 sets differ from the C set by having the A--A′ kink, and they are distinct from the V set in not having the C′′ strand ([@cdf225c48]). In summary, our data suggest that the general architecture of all CEA family members consists of a V set N-terminal domain followed by alternating I1 and I2 set Ig-like domains.

The CC′ and FG loops of the N-terminal domains of various CEA family members may mediate biologically important molecular interactions
--------------------------------------------------------------------------------------------------------------------------------------

Given the high structural homology, the structure of murine CEACAM1a can be used to elucidate other molecular interactions of CEA family members including bacterial binding, immunomodulation, and homophilic and heterophilic adhesion.

Certain human CEA family members are subverted as receptors for bacterial pathogens, including *H.influenzae*, *N.meningitidis* and *N.gonorrhoeae*. The N-terminal domains of many human CEA members are recognized by multiple opacity-associated (Opa) proteins on the surface of pathogenic strains of *Neisseria* ([@cdf225c4]; [@cdf225c45]). Homolog scanning mutagenesis revealed that Phe29, Ser32 and Gly41 (and to a lesser extent Gln44) of CEA (CD66e) are required for maximal Opa protein binding activity ([@cdf225c4]). Tyr34 and Ile91 (and to a lesser extent Val39 and Gln89) of human CEACAM1 (CD66a) are critical residues for most Opa protein interactions ([@cdf225c45]). Since the N-terminal domains of CEA and human CEACAM1 are the same length as that of murine CEACAM1a (Figure [4](#cdf225f4){ref-type="fig"}A), we show in Figure [2](#cdf225f2){ref-type="fig"}B that the *Neisseria*-binding residues on CEA and human CEACAM1 are on the C strand through the CC′ loop and on the F strand. Two points are worth noting. Val39 and Gly41 of human CEACAM1 and CEA, respectively (corresponding to Thr39 and Ile41 in msCEACAM1a\[1,4\]; Figure [2](#cdf225f2){ref-type="fig"}B), are on the tip of the CC′ loop. If the CC′ loops of CEA and CEACAM1 were as flat as that of the Bence-Jones protein REI (Figure [2](#cdf225f2){ref-type="fig"}A), then Val39 and Gly41 would not be close enough to other important Opa-binding residues to form an integrated binding site. This probably also explains why the Y34A mutation of human CEACAM1 abrogated binding of the majority of Opa proteins ([@cdf225c45]), since the aromatic ring of this conserved Tyr34 is the key to maintaining the convoluted structure of the CC′ loop, as shown for msCEACAM1a\[1,4\]. Thus, the CC′ loops of CEA and human CEACAM1 probably assume a convoluted conformation like that of msCEACAM1a\[1,4\]. The second point is that the area around Phe29 of CEA and Ile91 of human CEACAM1 (corresponding to Gly29 and Thr91 in msCEACAM1a\[1,4\]; Figure [2](#cdf225f2){ref-type="fig"}B) is highly hydrophobic and might be an important determinant of binding energy. Knowing the structure of msCEA CAM1a\[1,4\] makes it possible to rationally design mutations to elucidate the molecular basis of the specific interactions between bacterial Opa proteins and CEA members on human cell membranes.

The PSG subfamily of the CEA family appears to be essential for a successful pregnancy, although the functions of PSGs are not yet fully understood. One hypothesis is that PSGs may attenuate the mother's immune response to her semi-allogeneic fetus ([@cdf225c18]). The N-terminal domains of most human PSGs, but not baboon or rodent PSGs, contain an Arg-Gly-Asp (RGD) motif ([@cdf225c56]). The RGD motif is known to be associated with integrin binding, and mediates a wide variety of cell adhesion events. For example, in human fibronectin (FN), an integrin-binding RGD motif is located on a type II′ turn at the tip of a protruded FG loop of the tenth FN domain ([@cdf225c31]). Figure [4](#cdf225f4){ref-type="fig"}A shows that in D1 of the human PSGs the RGD motifs are aligned at the very tip of the FG loop (highlighted in violet in Figure [1](#cdf225f1){ref-type="fig"}). The corresponding sequence in msCEA CAM1a\[1,4\] is Glu92-Asn93-Tyr94 (Figure [4](#cdf225f4){ref-type="fig"}A), which assumes a type II β-turn. It is conceivable that those PSG proteins with an RGD motif can slightly change the conformation at the tip of the FG loop to adopt a type II′ turn more suitable for integrin binding. The heterophilic binding of soluble PSGs to integrins might cause local immunosuppression in the uterus by shielding the integrins on cell membranes ([@cdf225c18]). In other species, PSGs lacking the RGD motif may still use one acidic residue (Glu or Asp) in the protruding FG loop ([@cdf225c56]) to bind integrin, as demonstrated for leukocyte integrin ligands ([@cdf225c48]) and E-cadherin ([@cdf225c44]).

CEA family members can mediate intercellular adhesion *in vitro* and *in vivo* through binding interactions that involve the N-terminal domain ([@cdf225c18]). Mutational analyses of the N-terminal domain (D1) of human CEACAM1 ([@cdf225c52]) and CEA ([@cdf225c42]) showed that residues on the CFG face, and especially residues on the CC′ loop of D1, are directly engaged in homophilic cell adhesion. Mutations V39A and D40A in the CC′ loop abolished homophilic adhesion of human CEACAM1 ([@cdf225c52]).

To study possible mechanisms for homophilic binding of msCEACAM1a\[1,4\], we examined all molecular interactions observed in the crystal lattice of msCEA CAM1a\[1,4\]. We found only two major contact areas between symmetry-related molecules: one through D1 by a 2-fold axis, and the other through D4 by a 3~1~-fold axis. The D1--D1 contact is more likely to have physiological significance than the screw-axis related D4--D4 contact. Figure [6](#cdf225f6){ref-type="fig"} shows how the CC′ and FG loops in D1s of two dyad-related molecules made contact in the crystal structure of msCEACAM1a\[1,4\]. Hydrophilic interactions appear to dominate the adhesive interface, like that between CD2 and CD58 ([@cdf225c50]). As discussed above, the uniquely convoluted conformation of the CC′ loop of msCEACAM1a\[1,4\] is likely to be similar for human CEA members. The fact that Y34A, but not Y34F, mutation abrogated homophilic adhesion of CEA ([@cdf225c42]) shows the importance of the hydrophobic aromatic ring for maintaining the structure of the convoluted CC′ loop, and the role of the CC′ loop in homophilic adhesion. A convoluted, protruding CC′ loop would likely prevent CEA molecules from adopting the 'hand-shaking' type of adhesion seen between CD2 and CD58. Figure [6](#cdf225f6){ref-type="fig"}B shows that Val39 of one human CEACAM1 molecule (corresponding to Thr39 in msCEA CAM1a\[1,4\]) might have hydrophobic contact with Val39 from its symmetry mate, while Asp40 of CEA (corresponding to Ala40 of msCEACAM1a\[1,4\]; Figure [6](#cdf225f6){ref-type="fig"}B) might have electrostatic interaction with Arg38 (not shown in Figure [6](#cdf225f6){ref-type="fig"}) of the symmetry mate. This may explain why mutations V39A and D40A in CEACAM1 disrupt homophilic cell adhesion.

The 'parallel' mode of adhesion could occur between molecules on the same cell or opposing cells. The numerous inter-domain junctions of long CEA members may render them flexible enough to permit a *trans* interaction between opposing cells using this parallel mode. CHO cells transfected with human CEACAM1-1s, which has only the D1 domain as its extracellular portion, showed negligible adhesion despite a high level of protein ([@cdf225c52]). Perhaps there was not enough flexibility in this short molecule to allow the parallel mode of binding. Further crystallographic studies and mutational analysis are needed to characterize *cis* or *trans* adhesion mechanisms between CEA family members.

Materials and methods
=====================

Protein expression and purification
-----------------------------------

Nucleotide sequences encoding the first 236 amino acids of murine CEACAM1a\[1,4\], including the natural 34 amino acid signal sequence, were amplified by PCR using an oligonucleotide that added an *Xba*I site in-frame at the 3′ end. This DNA was ligated in-frame into a previously described construct encoding a thrombin cleavage peptide followed by six histidine residues and a stop codon ([@cdf225c55]), and inserted into the pShuttle CMV vector ([@cdf225c20]). This construct was inserted into the pAd-Easy adenovirus vector, and adenoviruses that contained the cDNA were plaque purified and amplified in 293 cells as described previously ([@cdf225c20]). Lec-- CHO cells stably transfected with CAR, the Coxsackie/adenovirus receptor, were transduced with the CEACAM1a\[1,4\]-containing adenovirus. The soluble, His-tagged murine CEACAM1a\[1,4\] protein from the supernatant medium was purified by nickel affinity chromatography on a Pharmacia HiTrap chelating column, and eluted with imidazole. Fractions containing the protein were identified by immunoblotting with polyclonal rabbit antibody directed against murine CEACAM1a, and the pooled fractions were dialyzed against 25 mM Tris buffer pH 9.0 with 5% glycerol. The protein was further purified by ion-exchange chromatography on a HQ20 (Poros) column and eluted in a NaCl gradient. Fractions containing the protein were pooled, dialyzed against 25 mM Tris pH 7.6, 150 mM NaCl, 5% glycerol, and stored at --80°C. The purity of the proteins was determined by silver staining of SDS--PAGE gels and by western blotting with anti-CEACAM1a antibody. The medium of 40 T150 flasks of adenovirus transduced lec--, CAR+ CHO cells yielded ∼0.5--1 mg of purified msCEACAM1a\[1,4\] protein.

Crystallization and X-ray data collection
-----------------------------------------

Single crystals of msCEACAM1a\[1,4\] were grown from a crystallization buffer containing 10% PEG 8000, 0.2 M magnesium acetate and 0.1 M cacodylate at pH 6.4 using the vapor-diffusion hanging drop method. For data collection at cryogenic temperature, the crystals were treated with a cryoprotectant solution (25% glycerol, 10% PEG 8000 and 0.1 M cacodylate), and then frozen and stored in liquid nitrogen. Platinum derivatives were prepared by soaking the crystals overnight in the same cryo-protectant solution containing 0.5 mM K~2~PtBr~4~.

X-ray diffraction data were collected from pre-frozen crystals at APS SBC 19ID at a temperature of 100 K. A native crystal diffracted to a resolution of 3.32 Å, with one molecule in one asymmetric unit. A MAD data set of the platinum derivative was obtained to a resolution of 3.85 Å. All the raw data were indexed and reduced with HKL2000 ([@cdf225c37]) (Table [I](#cdf225tbi){ref-type="table"}).

Structure determination and refinement
--------------------------------------

The msCEACAM1a\[1,4\] structure was solved using the MAD phases in combination with MR. Using programs in the CCP4 suite ([@cdf225c10]), we located one platinum binding site in one asymmetric unit in both difference and anomalous difference Patterson maps. Heavy atom parameters were refined at 4 Å resolution with the program MLPHARE in the CCP4 suite, and an additional platinum site was identified. Phase extension was performed using the native data set to 3.32 Å by solvent flattening and histogram matching with DM. The resulting phases were used to carry out a phased molecular replacement with ROTPTF on the Bronx X-ray server for the two separate domains. The N-terminal domains of human CD2 (PDB code 1HNF) and Fc-γ receptor III (PDB code 1E4J) were used as search models for the D1 and D4 domains of msCEACAM1a\[1,4\], respectively. The model was traced with XtalView (http://www.scripps.edu/pub/dem-web/) on the basis of the MAD phases, using the MR solutions as a guideline.

After cycles of model building using program O ([@cdf225c26]) and refinement, the final model was refined at 3.32 Å resolution to an *R*~free~ factor of 32.9% and *R*~work~ of 29.5% (Table [I](#cdf225tbi){ref-type="table"}) using X-PLOR ([@cdf225c5]). At 1.5σ contour level (σ = 0.125 e/Å^3^) in the 2*F*~o~ -- *F*~c~ map, there was continuous density for the main chain backbone. The final model contains 202 residues (from Glu1 to Pro202) of msCEACAM1a plus one amino acid (Ser) from the cloning construct and a total of six sugar residues associated with four of the five potential glycosylation sites. There was no interpretable electron density beyond residue Ser203, where 13 residues, including an inserted Arg204, a thrombin cleavage site and a His~6~ tag are present in the expression construct. These C-terminal residues are apparently disordered. The current model also includes a total of 26 water molecules. The coordinates have been deposited in the PDB data bank under the accession code 1L67.

Figures and Tables
==================

![**Fig. 1.** Stereo view of the ribbon drawing of msCEACAM1a\[1,4\], which contains two Ig-like domains. The CC′ loop in the N-terminal domain (D1), which is involved in binding of MHV and other ligands, is highlighted in yellow. The predicted key virus-binding residue Ile41 on the CC′ loop is shown in red in ball-and-stick representation. The FG loop of D1, another biologically important element, is shown in violet. The carbohydrate moieties are drawn in gray in ball-and-stick representation. The glycan at Asn70 that is conserved in the whole CEA family is labeled. The figure was prepared using MOLSCRIPT ([@cdf225c29]).](cdf225f1){#cdf225f1}

![**Fig. 2.** (**A**) Superposition of D1 of msCEACAM1a\[1,4\], CD2, CD4 and Bence-Jones protein REI using C~α~ atoms of β-sheets. Each molecule is shown in C~α~ trace, with msCEACAM1a in cyan, CD2 in purple, CD4 in brown and REI in green, respectively. The unique convoluted conformation of the CC′ loop in msCEACAM1a\[1,4\] is striking. The sequence alignment of the CC′ loop regions of these four molecules are shown using the same color code. (**B**) Stereo view of the exposed residues on the CFG face of D1 of msCEACAM1a\[1,4\]. The C~α~ trace of the CC′ loop is highlighted in yellow. Displayed side chains and carbohydrates are drawn in ball-and-stick representation. (**C**) Electrostatic potential surface representation of the same view as (B). The electrostatic potential is colored blue for positive and red for negative, and was calculated in the absence of carbohydrates and solvent molecules. (A) and (B) were prepared with MOLSCRIPT ([@cdf225c29]), and (C) with GRASP ([@cdf225c35]).](cdf225f2){#cdf225f2}

![**Fig. 3.** A comparative view of structures of several virus receptors, including: msCEACAM1a, the receptor for murine coronavirus MHV; ICAM1, the receptor for the major group of rhinoviruses; CD4, the primary receptor for HIV; and CD46, the receptor for measles virus. Only their N-terminal domains are shown here. The key virus-binding motifs with unique topological features are highlighted in red.](cdf225f3){#cdf225f3}

![**Fig. 4.** Sequence alignment of D1 and D4 of murine CEACAM1 with corresponding domains of human CEA family members. Residues invariant throughout all sequences shown are colored yellow, while physico-chemically conserved residues (with no more than two exceptions) are colored blue. The β-strands are indicated with arrows below the appropriate sequence. (**A**) D1 of murine CEACAM1a is aligned with D1 of murine CEACAM1b (top), as well as the human CEA members found in the SWISSPROT database (bottom). (**B**) The I1 set Ig-fold of D4 of murine CEACAM1a is aligned with D2 of the same molecule (top). These sequences are compared with the presumed I1 set of domains A1, A2, A3 and presumed I2 set of domains B1, B2, B3 of CEA (CD66e) (bottom). The asterisks indicate potential *N*-glycosylation sites.](cdf225f4){#cdf225f4}

![**Fig. 5.** Topology diagram for D1 of msCEACAM1a with β-strands shown as arrows. The diagram is colored according to the degree of variability in sequence of N-terminal domain for all available mammalian CEA molecules. The variability was measured using Shannon's entropy value (*H*) ([@cdf225c40]). The least variable, or most conserved, residues (*H* \< 1) are colored green, while the most variable ones (*H* \> 2) are colored red. Residues in between (1 \< *H* \< 2) are colored yellow. The difference in the degree of sequence conservation between the ABED and CFG faces is striking. On the ABED face, the glycan at Asn70 and the shielded hydrophobic residues are marked.](cdf225f5){#cdf225f5}

![**Fig. 6.** Backbone worm representation of the 'parallel' interaction between the dyad-related msCEACAM1a\[1,4\] molecules seen in the crystal structure, prepared with GRASP ([@cdf225c35]). (**A**) Two monomers related by a crystallographic 2-fold axis are shown in blue and green, respectively. Carbohydrates are drawn in ball-and-stick representation. (**B**) Stereo view of the close-up view across the dimer interface. The residues potentially involved in interactions are shown in ball-and-stick representation.](cdf225f6){#cdf225f6}

###### Data collection, structure determination and refinement

  Data collection                                                                                                                                
  ---------------------------------------------------------------------- -------------------------------- ------------------ ------------------ --------------------------------
  Space group                                                            *P*3~1~21                                                              *P*3~1~21
  Unit cell (Å)                                                          *a*, *b* = 111.85, *c* = 66.34                                         *a*, *b* = 111.26, *c* = 65.64
  X-ray source                                                           APS                                                                    APS
  Wavelength (Å)                                                         1.0715                           1.0718             1.0534             1.100
  Resolution (Å)                                                         20--3.85                         20--3.85           20--3.85           30--3.32
  Observations (unique)                                                  49 179 (8681)^a^                 50 389 (8645)^a^   45 774 (8566)^a^   123 640 (7127)
  *I*/σ overall                                                          16.0 (3.1)^b^                    15.2 (3.3)^b^      13.2 (2.3)^b^      17.3 (3.7)^b^
  Completeness (%)                                                       99.2 (91.8)^b^                   99.6 (96.3)^b^     97.6 (82.9)^b^     99.7 (100.0)^b^
  *R*~merge~ (%)                                                         7.5 (45.4)^b^                    6.9 (42.3)^b^      8.0 (55.4)^b^      7.3 (37.1)^b^
  Structure determination                                                                                                                        
  Figure of merit                                                        0.49                                                                    
  Phasing power                                                          1.92                             1.86               1.79                
  *R*~cullis~ (anomalous)                                                0.82                             0.84               0.88                
  *R*~cullis~ (isomorpous)                                               0.60                             0.61               0.61                
  Structure refinement                                                                                                                           
  Resolution (Å)                                                         15--3.32                                                                
  No. of work/test reflections                                           6144/754                                                                
  Non-hydrogen protein/carbohydrate/solvent atoms                        1692/81/26                                                              
  *R*~work~/*R*~free~ (%)                                                29.5/32.9                                                               
  Bond length (Å)/angle (°) r.m.s.d. from ideal geometry                 0.011/2.325                                                             
  Ramachandran statistics (%) favourable/additional/generous/forbidden   68.5/23.4/8.2/0                                                         
  Protein atoms average *B*-value (Å^2^), main chain/side chain          55.12/64.15                                                             

^a^Bijvoet pairs are both counted.

^b^Last resolution bin.
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